acetate into linoleate and a-linolenate of isolated spinach (Spinacia oleracea) chloroplasts. Oleate at position 1 of diacylgalactosylglycerol was desaturated to linoleate and alinolenate both in the light and in the dark. Some desaturation of palmitate was also observed after prolonged incubations.
Studies with intact plant tissues have shown that a-linolenate, the major fatty acid of photosynthetic tissues, is synthesized by a sequential desaturation of oleate (Hitchcock &Nichols, 1971 ; Slack& Roughan, 1975) , which itself is synthesized de novo from acetate. However, all attempts so far to measure a sequential desaturation of ["4C]oleate to ["4C] linolenate in cell-free systems have failed (Stumpf & James, 1963; Kannangara & Stumpf, 1972; Stumpf & Boardman, 1970; Hawke et al., 1974; Nakamura & Yamada, 1975; Roughan et al., 1979; Murphy & Leech, 1978; McKee & Hawke, 1978) .
We wish to report some success in this area.
Materials and Methods
Methods of growing the spinach (Spinacia oleracea) plants, isolating the chloroplasts and incubating isolated chloroplasts with [1-"4C]acetate have been described previously (Roughan et al., 1979) . Lipids recovered from the incubations described in the legends to the present Tables were resolved into non-esterified fatty acids 1,2-diacylglycerols and polar lipids by t.l.c. on 5% (w/w) H3BO3 in silica-gel G. Diacylgalactosylglycerol was isolated by t.l.c. on silica-gel G by using the solvent chloroform/methanol/acetone (20:4: 1, by vol.) , and constituent fatty acids were recovered as their methyl esters after treatment with sodium methoxide. Purified diacylgalactosylglycerol was also treated with pancreatic lipase (type VI; Sigma Chemical Co., St. Louis, MO, U.S.A.) for the determination of positional distribution of 'IC-labelled fatty acids. Radioactive fatty acids from diacylgalactosylglycerol were diluted with unlabelled palmitate, stearate, oleate and linoleate before being separated into saturated, mono-, di-and tri-enoic fractions by argentation t.l.c. These fractions were further analysed by Vol. 184 reverse-phase t.l.c. and radioautography. Two methods were used to show that long-chain fatty acids were synthesized de novo: (1) hydrogenated fatty acids (Appelqvist, 1972) were degraded with KMnO4 in acetone (Harris et al., 1965) ; and (2) unsaturated fatty acid methyl esters were oxidized by permanganate/periodate (Downing & Greene, 1968) in screw-capped tubes into which were fixed 1.5cm x 2.5cm strips of Whatman no. 1 filter paper wetted with 40,ul of 40% (w/w) KOH. After 60min shaking at room temperature, 50,u1 of 9M-H2SO4 was added to the oxidation mixture, the tubes quickly re-capped and shaking continued for 10min. The filter-paper strips were removed for measurement of "4C content by liquid-scintillation counting. Lipid products from the oxidation were recovered and separated by H3BO3/t.l.c. [1-"4C]Acetate (58.8Ci/ mol) was supplied by The Radiochemical Centre, Amersham, Bucks., U.K., and all other biochemicals were from Sigma.
Results
The radioactive 1-oleoyl-2-palmitoyl-sn-glycerol accumulated by isolated chloroplasts under appropriate conditions (Roughan et al., 1979) Analysis of isolated diacylgalactosylglycerol gave even more striking evidence of the desaturating activity of isolated chloroplasts (Table 2) . Interestingly, although essential for fatty acid synthesis from [1-14C]acetate, light was apparently not required for the desaturation of 14C-labelled monoenoic to "4C-labelled trienoic fatty acids (Table 2) .
To facilitate the identification of degradation products of the unsaturated "4C-labelled fatty acids synthesized by isolated chloroplasts, high-specificradioactivity [1-14C] After hydrogenation, >96% of the "4C originally in the di-and tri-enoic fractions from diacylgalactosylglycerol chromatographed with saturated fatty acid methyl esters. a-Oxidation of these saturated fatty acids yielded radioactive fragments with 14 and less carbon atoms, thus indicating that the acyl chains were derived by synthesis de novo. Evidence that the polyunsaturated fatty acids were formed by a sequential desaturation of more saturated 14C-labelled fatty acids was obtained by oxidation of the double bonds and analysis of the fragments produced (Table 4) . Malonic acid produced in the oxidation of the polyunsaturated fatty acids was degraded further to acetic acid and CO2. Volatilization of the free acid after acidification of the oxidation mixture probably explained the small amount (<1.5%) of Chloroplasts equivalent to 50pg of chlorophyll were incubated in 0.25 ml of the standard assay medium containing 0.25mM-sn-glycerol 3-phosphate, 13mM-Triton X-100 and ±0.2mM-UDP-galactose. After 20min the reaction was stopped in one set of tubes by adding chloroform/methanol/acetic acid (40: 20: 3, by vol.), whereas 5,umol of unlabelled acetate was added to a duplicate set of tubes and incubation continued for a further 20min. Free fatty acids, diacylglycerols and polar lipids were separated for analysis of "4C-labelled fatty acids by argentation t.l. (58.8 Ci/mol) was used, and incubation was for 60min in the light. Diacylgalactosylglycerol and t1,2-diacylglycerol were purified from + and -UDP-galactose incubations respectively and were treated with sodium methoxide "4C-labelled fatty acid methyl esters were separated by a combination of argentation t.l.c. and reversephase t.l.c. Table 4 . Location of "C within oleate, linoleate and linokenate synthesized in vitro by isolated chloroplasts The fatty acid methyl esters prepared from diacylgalactosylglycerol were separated by argentation t.l.c. and reversephase t.l.c. before oxidation in permanganate/periodate (Downing & Greene, 1968 
Discussion
Diacylgalactosylglycerol has been implicated as a site for polyunsaturated-fatty acid synthesis in green algae (Nichols & Moorhouse, 1969 (Slack & Roughan, 1975) . The results presented here suggest that 3-galactosyl-1-oleoyl-2-palmitoyl-sn-glycerol can act as a substrate for desaturase enzymes within isolated chloroplasts. Acyl chains at both positions were desaturated, although the slower rate of desaturation of palmitate may indicate some chain-length specificity. From labelling experiments with whole leaves, we have predicted that diacylgalactosylglycerol should normally be synthesized from unsaturated 1,2-diacylglycerol (predominantly dilinoleoyl-sn-glycerol) derived from microsomal phosphatidylcholine (Slack et al., 1978) , and a preferential galactosylation of more unsaturated 1,2-diacylglycerol has been Vol. 184 indicated by other work (Mudd et al., 1969; Williams et al., 1976; Joyard & Douce, 1976) . It is possible, therefore, that, in vivo, the diacylgalactosylglycerol desaturase functions mainly to desaturate bound linoleate to linolenate. However, the indications are that diacylgalactosylglycerol synthesized from [1-14C]-acetate by isolated chloroplasts would eventually become 2-hexadecatrienoyl-3-galactosyl-1-linolenylsn-glycerol, which must be the second most abundant molecular species of diacylgalactosylglycerol in spinach leaves (Auling et al., 1971) .
A specific desaturation of fatty acids while attached to diacylgalactosylglycerol would also explain differences in fatty acid compositions between diacylgalactosylglycerol and diacyldigalactosylglycerol, which in many species differ in the high content of hexadecatrienoate in diacylgalactosylglycerol. If the galactolipid-galactolipid galactosyltransferase proposed by van Besouw & Wintermans (1978) plays a role in diacyldigalactosylglycerol synthesis, it may discriminate against diacylgalactosylglycerol containing hexadecatrienoate. Heinz (1977) and Siebertz & Heinz (1977) have discussed the possibility of desaturation of fatty acids while they are in ester linkage in galactolipids. They have pointed out that the formation of C16: 3 from C16: 0 fatty acids occurs in a pool that can give rise only to diacylgalactosylglycerol. Although our results mainly refer to formation of C18: 3 fatty acids, they are also in agreement with Heinz's (1977) 
